Objective: To develop Z scores for the trachea and main bronchi in normal fetuses.
| INTRODUCTION
Fetal lung development follows five stages: embryonic, pseudoglandular, canalicular, saccular, and alveolar. [1] [2] [3] In the embryonic period (3.5-6 wk), the lung projects from the anterior foregut and grows caudally to form the primitive trachea and two lung buds.
During the pseudoglandular period (6-16 wk), the lung buds begin to branch in a dichotomous way and form the major elements of the airway, such as bronchioles, canalicular bronchioles, and alveolar ducts.
The canalicular phase (16-26 wk) is characterized by the differentiation of type I and type II pneumocytes and the onset of capillary growth.
The saccular phase (26 wk birth) involves thinning of the interstitium, further developing of acini, maturation of type II pneumocytes, and the constant growth of capillary networks. During the alveolar phase (36 wk-8 y old), the number of alveoli and surfactant production increases progressively with further branching of airways.
Development of the trachea and bronchi occurs at the early stages and continues to grow throughout gestation. Assessing the growth of the trachea and bronchi may be helpful to evaluate the early development of the conducting airways. However, no normal references regarding the diameters of the trachea and main bronchi have been established. The purpose of this study was to develop Z scores for diameters of the trachea and main bronchi in normal fetuses.
| METHODS
This prospective cross-sectional observational study was conducted at the Second Xiangya Hospital of Central South University in China from April 2017 to February 2018. The study group was collected from nonconsecutive, low-risk, healthy pregnant women. All fetuses were confirmed as healthy by postnatal clinical and X-ray data. The inclusion criteria were as follows: singleton pregnancies and accurate gestational age (GA) verified by ultrasound measurement of the crown-rump length in the first trimester and GA between 20 and 40 weeks. The exclusion criteria were as follows: intrauterine growth restriction (defined as fetuses with an estimated fetal weight less than the 10th percentile); presence of abnormalities or chromosomal defects; persistent fetal arrhythmia; and maternal complications, including gestational diabetes, preeclampsia, and thyroid disease.
Written informed consent was obtained from all families, and this study was approved by the institutional review board at the Second Xiangya Hospital of Central South University (2015Y004).
Ultrasound scans and complete fetal echocardiograms were per- to assess a normal distribution. If the data did not distribute normally, they were transformed statistically and reassessed. Z scores for reference ranges of the trachea and main bronchi diameters were computed in three steps.
Step 1 was to perform the regression model and acquire the equation of the mean. In this step, GA, FL, and BPD were the independent variables, and airway dimensions were the dependent variable. The simple model was selected during the multiple regression analyses if the complex model did not result in a significantly improved correlation coefficient. 4 Step 2 was to derive the fitted regression equation of the standard deviation (SD). In this step, GA, FL, and BPD were also the independent variables, while the SD of each dimension was the dependent variable. Finally, the Z score was calculated as follows: (observed value − equation of the mean in step 1)/equation of SD in step 2. The Bland-Altman method was used to test interobserver and intraobserver variability. A second reader measured the stored images in 50 randomly selected cases to calculate interobserver variability, and 50 cases were blindly analyzed twice by the same investigator at an interval of 2 weeks to assess intraobserver variability. P < 0.05 was considered statistically significant.
| RESULTS
Measurement of the upper airway dimensions was attempted in 845 singleton pregnancies. Images were of poor quality in 14 cases, and eight cases were lost to follow-up after birth. Overall, 823 fetuses were enrolled in this study. The mean GA of enrolled fetuses was 30.0 ± 5.8 weeks, and the mean age of the mothers was 27 ± 5 years (range, 18-43 y). The average time to obtain the image was 2.7 ± 1.0 minutes.
The tracheal, LPB, and RPB diameters strongly correlated with all of the independent variables (GA, BPD, and FL). What's already known about this topic?
• Assessing the growth of the trachea and bronchi may be helpful to evaluate early respiratory system development. However, no normal references regarding the diameters of the trachea and main bronchi have been established.
What does this study add?
• This study develops Z scores for diameters of the trachea and main bronchi in normal fetuses. Table 2 . The Z scores were calculated using the abovementioned equation and plotted against the independent variables ( Figure 3 ).
There was good interobserver and intraobserver agreement for all airway dimensions (Figures 4 and S3 ).
| DISCUSSION
This study establishes the normal diameter reference range of a large sample size of fetal airways. This report is the first on the sonographic diameters of the LPB and RPB. Between gestational weeks 20 and 40, the inner diameters of the LPB and RPB increased from 0.8 to 2.2 mm and 0.9 to 2.3 mm, respectively. The diameter of the RPB was slightly larger than that of the LPB throughout pregnancy, which is in accordance with observations in fetal autopsy examinations. 5 Although FIGURE 2 Scatter plots of the (A) trachea, (B) LPB, and (C) RPB based on GA, with the 5th, 50th, and 95th percentiles superimposed. There was a simple linear regression model between each airway diameter and GA. GA, gestational age; LPB, left principal bronchus; RPB, right principal bronchus The visualization of trachea and main bronchi in our study was much higher than those in previous studies 6, 7 in late of 1990s lesions, such as hydrothorax and massive cystic adenomatoid malformation, Z scores of the two main bronchi can be used to evaluate ipsilateral lung development due to two sides of the lung being affected to a variable extent. 8 Nose et al 9 performed bronchoscopy in 39 neonates with CDH and identified 15 (38.4%) babies who had narrowing and shortening of the main stem/lobar bronchi on the affected side. Experimental CDH rat models 10 using nitrofen showed tracheal narrowing, tracheal ring number decrease, and the presence of fragmented tracheal rings. As congenital focal trachea stenosis is typically located in the lower third of the trachea, 11 Z scores of the distal trachea will be useful to directly evaluate the degree of stenosis.
In the case of high airway obstruction syndrome, Z scores of the distal trachea are more appropriate to reflect the severity of stenosis because the more serious the proximal obstruction, the more obvious the distal extent.
In conclusion, we measured both the trachea and proximal main bronchi in the coronal view and calculated Z scores for these inner diameters based on GA, BPD, and FL. These normal reference ranges may help assess pulmonary growth and aid in the detection of respiratory system hypoplasia/abnormality. 
